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ABSTRACT
The push for environmental protection and sustainability has led to strict emission
regulations for automotive manufacturers as evident in EURO VII and 2026 EPA
requirements set to take effect in the coming years. The modern gasoline spark
ignition (SI) engine typically employs various in-cylinder emission reduction
techniques along with an exhaust after-treatment system to comply with emission
standards. The three-way catalyst (TWC) is wholly responsible for removing the
engine-out emissions including hydrocarbons (HC), carbon monoxide (CO) and
nitrogen oxides (NOx). The main objective of this thesis is to investigate the
impact of extensive exhaust gas recirculation (EGR) on the performance of the
TWC to meet upcoming EURO VII and 2026 EPA emission requirements.
Relevant engine-out exhaust conditions were selected from a gasoline engine
operating with varying ratios of EGR which were then replicated on a heated aftertreatment flow bench containing a TWC. The results indicate that higher ratios of
EGR allow for greater H2 yield from increased availability of HC at the cost of
elevated CO slip. The formation of NH3 and N2O is ultimately suppressed from
decreased engine-out NOx emissions with the application of EGR. Increased NOx
conversion efficiencies are also realized at higher rates of EGR from the decrease
of engine-out NOx combined with higher concentrations of NOx reducing
reactants, however, at the cost of increased HC and CO slip. Finally, the results
indicate that the reduction in exhaust gas temperature from EGR is not significant
enough to hinder the performance of the TWC.
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CHAPTER 1: Introduction
This chapter outlines the research motivation and reasoning for continuing the
development of the internal combustion engine (ICE). A general overview of how
emissions are formed from the combustion process as well as emission management
strategies are discussed. Lastly, the objectives of this work and thesis outline are
presented.
1.1 Research Motivation
The automotive industry is facing increasingly rigorous emission regulations in an effort
to reduce atmospheric pollution and combat climate change. In the United States, the
transportation sector is responsible for 28% of all greenhouse gas emissions [1],
representing the largest share of greenhouse gas emissions compared with all other
economic sectors as shown in Figure 1.1. As a result, many automotive manufacturers are
turning to electrification to reduce total vehicle fleet emissions. Nonetheless, despite
progressively stringent regulations and electrification incentives, hydrocarbon fuels
continue to be the dominant source of fuel for the automotive industry [2].
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Figure 1.1 U.S. greenhouse gas emissions by sector in 2018 (adapted from [1])
The reliance on fossil fuels in the automotive sector is driven by the many advantages
that hydrocarbon fuels offer. Most notably, the energy density of hydrocarbon fuels such
as gasoline and diesel are significantly greater to that of batteries, as shown in Figure 1.2.
Fundamentally, lithium-ion battery technology is limited to the amount of chemical
energy which they can store, estimated to be around 400 Wh/kg [3]. This difference in
energy density allows vehicles with ICEs to carry 30 times the amount of energy per unit
of volume than the battery alternatives. Moreover, the capital cost of battery packs also
increases significantly with the size of the battery pack itself [4]. Presently, battery
electric vehicles account for an estimated 0.4% of all vehicles on the road with an annual
growth rate nearing 60% [5]. To continually reduce the environmental impact of the
automotive sector, research and development into ICEs must continue towards
methodologies such as renewable fuels, advanced combustion strategies and exhaust
after-treatment systems.
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Figure 1.2 Gravimetric energy densities of various fuels (adapted from [2])
In addition to the already enforced emission regulations, further emission legislation as
detailed by the Environmental Protection Agency (EPA) and in EURO VII emission
standards are targeting additional regulated emission species including methane, nitrous
oxide (N2O) and ammonia (NH3) [6], [7]. The EPA has slated these emission
requirements to come into effect through the 2023-2026 vehicle model years with EURO
VII regulations coming into effect by 2025. With these upcoming rigorous emissions
standards, manufacturers must further adopt clean engine technologies to meet these
targeted requirements.
1.2 Spark Ignition Engine Emissions
Understanding emission formation during the spark ignition (SI) combustion process is
imperative to selecting appropriate emission reduction technologies. The primary
influence on exhaust emissions comes from the in-cylinder excess air ratio (λ) as shown
in Figure 1.3. This figure further details the emission trends of carbon monoxide (CO),
hydrocarbons (HC), and nitrogen oxides (NOx) with respect to the excess air ratio.
3

Figure 1.3 Effect of excess air ratio on emissions (adapted from [8])
1.2.1 Carbon Monoxide and Hydrocarbons
CO is a by-product of incomplete combustion and its formation is driven by the incylinder air-fuel ratio (AFR) [9]. Under rich AFRs, or a fuel/air mixture with insufficient
oxygen (O2), a lack of available O2 needed to completely oxidize the fuel results in partial
oxidation of HC and thus CO formation. If the AFR is near stoichiometric or slightly
lean, the excess O2 available in the cylinder promotes the oxidation of CO into carbon
dioxide (CO2), thereby reducing CO emissions. Similarly to CO, HC is left over as a
result of incomplete combustion [9].
Under rich AFRs, HC will be left over after the combustion process due to insufficient O2
in the cylinder needed to fully oxidize the fuel. However, under lean AFRs, HC
4

emissions will increase due to increased cycle-by-cycle combustion variations [9]. This
results in left over fuel and an increase in HC and CO emissions from partial oxidation.
1.2.2 Nitrogen Oxides and Particulate Matter
NOx formation is strongly dependent on flame temperatures and availability of O2 [10].
In SI engines specifically, the majority of NOx is formed in the post-flame gases which
are the first to ignite and are subsequently compressed to higher temperatures [9]. The
rate of NOx formation is also influenced by the AFR, peaking when the AFR is slightly
lean due to increased availability of O2 and higher combustion temperature. If further air
is added to the cylinder past the point of peak NOx formation, the in-cylinder temperature
decreases which reduces NOx formation [9]. With excess fuel, the burned gas temperature
and O2 availability decrease, reducing NOx formation.
In conventional gasoline engines with port-fuel injection (PFI) fueling systems, the air
and fuel are mixed for a significant amount of time resulting in a near homogeneous airfuel mixture for ignition. As such, an insignificant amount of PM formation is realized
[11]. Many modern SI engines have now adopted gasoline direct injection (GDI),
allowing for more precise fuel delivery and reduced wall wetting in the port [12].
However, the use of GDI systems in gasoline engines has increased the formation of
particulate matter (PM) as a result of the heterogeneous nature of fuel delivery within the
cylinder charge [12], [13]. It is noted that the concentration of PM formed under these
conditions is still lower than diesel-fueled direct injection (DI) engines which require a
diesel particulate filter to trap PM emissions before the exhaust is released to the
atmosphere. Despite the potential for increased PM in GDI systems, current production
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gasoline vehicles do not need to implement a dedicated PM trap as seen with dieselfueled vehicles.
1.3 Emission Management Strategies in Spark Ignition Engines
Several strategies have been employed in modern engines to manage exhaust emissions.
In general, emissions can be managed either directly in-cylinder or downstream of the
engine with an after-treatment system as shown in Figure 1.4. In-cylinder strategies may
include charge dilution, the combustion mode or changing the fuel type.
After-treatment technologies can be divided into 2 categories: active and passive. Active
after-treatment includes any process in which the after-treatment device modifies the
exhaust condition with independent control, whereas in passive after-treatment, the
engine is used to tailor the exhaust to fulfill the needs of the after-treatment device [14].
In this section, the three-way catalyst (TWC) will be discussed in detail along with
charge dilution strategies including lean burn and exhaust gas recirculation (EGR). Lean
burn is realized by diluting the cylinder charge with excess fresh air, while EGR uses a
portion of exhaust gas to dilute the intake charge mixture.

6

Figure 1.4 Emission management in SI engines
1.3.1 Three-Way Catalyst
The TWC is a critical emission reduction system on a gasoline SI engine. The TWC
utilizes the engine-out HC, CO, NOx and O2 gases to react with each other in the
presences of a catalyst to form CO2, N2 and H2O. The simplified chemical equations for
these processes are detailed in Equations 1.1 through 1.7. These reactions are initiated
with energy which is present in the exhaust gas as heat energy. To lower the activation
energy requirements of these reactions, platinum group metals such as platinum,
palladium and rhodium are used as a catalyst material for these reactions to occur at
lower energy states [15].
Reduction of NOx
2CO + 2NO → 2CO2 + N2

(1.1)

Cα Hβ + NO → CO2 + H2 O + N2

(1.2)

2H2 + 2NO → 2H2 O + N2

(1.3)
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Oxidation of Carbon Monoxide
2CO + O2 → 2CO2

(1.4)

Oxidation of Hydrocarbons
Cα Hβ + O2 → CO2 + H2 O

(1.5)

Water-Gas Shift
CO + H2 O ↔ CO2 + H2

(1.6)

Steam Reforming
β
Cα Hβ + αH2 O → αCO + (α + ) H2
2

(1.7)

From these equations, it is noted that NOx reduction relies heavily on the presence of CO,
HC or H2. However, these NOx reducing reactants are more likely to be oxidized by O2
first, as O2 is a stronger oxidizer than NOx. Thus, SI engines must be run at
stoichiometric AFRs to maintain the effective TWC conversion efficiencies [15], [16].
Excess O2 or excess fuel contained in exhaust gas will cause either NOx or CO and HC to
pass unreacted/partially reacted through the TWC. This balance of NOx, CO and HC
conversion efficiency is shown in Figure 1.5.
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Figure 1.5 TWC conversion efficiency vs excess air ratio (adapted from [15])
To improve the versatility of the TWC, ceria (CeO2) is often added onto the catalyst
substrate to better tolerate AFR deviations from stoichiometric conditions. CeO2 has a
unique ability to shift from CeO2 to cerium (III) oxide (Ce2O3) and vice versa, effectively
allowing for the adsorption or desorption of oxygen [17]. This mechanism, often referred
to as the oxygen storage capacity (OSC), is described in Equations 1.6 through 1.9.
Ce2 O3 + 0.5O2 ↔ 2CeO2

(1.6)

Ce2 O3 + NO ↔ 2CeO2 + 0.5N2

(1.7)

Ce2 O3 + H2 O ↔ 2CeO2 + H2

(1.8)

2CeO2 + CO → Ce2 O3 + CO2

(1.9)

During periods of excess O2, CeO2 effectively stores O2 to later release it during the
periods when O2 is not readily available, effectively maintaining a stoichiometric AFR
9

across the TWC and allowing for transient fluctuations in the engine AFR. As it can be
seen, CeO2 exhibits catalytic behavior itself during this process as both NO and CO are
consumed during these processes (Equation 1.7 and 1.9) [18]. The basic function of OSC
under both lean and rich conditions is represented below in Figure 1.6.

Figure 1.6 OSC mechanism of Ceria [17]
1.3.2 Gasoline Lean Burn
Operating an SI engine under lean conditions has been well documented by researchers
and is an attractive alternative to typical stoichiometric burning SI engines [16], [19]–
[23]. The main advantage to lean burn is the increased thermal efficiency over
stoichiometric operation. In order to reach lean burn, an SI engine must allow for greater
flow of fresh air into the cylinder which is done by further opening of the throttle, thus
reducing the pumping losses [22]. A leaner air-fuel mixture also reduces the burned gas
temperature, resulting in a lower heat loss and disrupting the NOx formation [20]. As
previously shown in Figure 1.3, lean air-fuel mixtures will reduce engine-out CO and
NOx emissions.
10

Major disadvantages of gasoline lean burn are the limited operating conditions which can
be currently achieved and the operation of the TWC after-treatment system. As the airfuel mixture is made leaner, ignition and combustion instability rises, leading to longer
ignition delay and an increased level of cyclic variations [23]. Ceviz and Yuksel
demonstrated the increase in cyclic variation through the coefficient of variance in the
indicated mean effective pressure (IMEP) of gasoline and liquified petroleum gas (LPG)
[19]. LPG showed reduced cyclic variations under lean conditions when compared to
gasoline, however the use of LPG is not widely adopted in vehicular applications as is the
case with gasoline.
Perhaps the most restricting element to lean burn in gasoline engines is the downstream
TWC. As previously discussed, excess O2 within the exhaust gas will result in NOx
slipping past the TWC. Thus, a more complex after-treatment system is necessary to deal
with NOx emissions, similar to diesel compression ignition (CI) engine after-treatment
technologies [24]. Several methods have been proposed for gasoline lean burn aftertreatment systems, including a urea-free, passive ammonia (NH3) selective catalytic
reduction (SCR) catalyst system demonstrated by Li et al [25]. Instead of injecting urea
to form NH3 to reduce NOx on the SCR as done on diesel CI after-treatment systems, this
system uses a TWC to produce NH3 thus eliminating the need for an on-board urea
injection system. Additionally, Liu et al have also shown the effectiveness of optimizing
EGR with a lean NOx trap in addition to a TWC in order to maintain low NOx exhaust
concentrations while under a lean AFR [26].
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1.3.3 Exhaust Gas Recirculation
EGR is commonplace on diesel CI engines for in-cylinder emission control, while its use
on modern gasoline SI engines is becoming more prevalent. However, the application of
EGR for SI engines is advantageous in a different way than that of CI engines. In lean
burning diesel CI engines, EGR is used in order to achieve significant NOx reduction to
meet emission standards which is well documented in literature [27]–[29]. By applying
EGR, the specific heat capacity of the intake charge is increased which lowers the
combustion temperature while simultaneously diluting the O2 concentration of the
cylinder charge. This results in lowered NOx formation with a trade-off of increased
smoke emissions. Conversely, EGR in gasoline SI engines is primarily employed to
achieve greater engine efficiencies through lesser pumping losses.
It is important to note that the implementation of EGR on SI engines is generally
different to EGR on CI engines. Principally, EGR is added in excess to the air-fuel
mixture in a gasoline SI engine to maintain overall stoichiometric conditions. Whereas,
EGR replaces the fresh-air intake in a diesel CI engine effectively reducing the intake O2
concentration [27]. To accommodate the additional flow rate of exhaust gas with the
stoichiometric air-fuel mixture, the intake throttle must be opened further under part
loads as shown in Figure 1.7.
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Figure 1.7 (a) no EGR and (b) simplified EGR loop on a gasoline engine
1.4 Spark Ignition Engine Performance and Emissions with EGR
As previously stated, the use of EGR on gasoline engines can improve engine efficiency
through the reduction of pumping losses. In a study conducted by Takaki et al., a low
pressure EGR system used in conjunction with a turbocharged 4-cylinder engine allowed
for a 5% decrease in fuel consumption with the application of 20% EGR ratio by intake
mass [30]. Similarly, Song et al. demonstrated that under matching engine loads, a low
pressure EGR system allowed for a 4.5% decrease in fuel consumption at a 20% EGR
ratio by intake mass. Further increasing the engine load (10 bar brake mean effective
pressure) and increasing engine speed (3000 rpm) allowed for a 9.7% decrease in fuel
consumption at a 20% EGR ratio by intake mass [31]. Both studies reported a reduction
in NOx emissions and exhaust gas temperatures.
Although EGR can reduce fuel consumption, the composition of the engine exhaust
reaching the TWC is changed as a result. Lujan et al. investigated the effects of EGR on
engine-out emissions and observed that the use of EGR resulted in increased HC
emissions from 800 ppm at 0% EGR to 1300 ppm at 15% EGR by intake mass because
of increased combustion duration and reduced combustion temperatures [32].
Francqueville et al. reported that increasing EGR led to a decrease in combustion
13

efficiency, primarily resulting from an increase in HC emissions. EGR ratio is limited by
the combustion efficiency, as higher ratios of EGR will decrease flame temperatures and
propagation speeds [33].
Overall, EGR in both gasoline and diesel-fuelled engines has been well documented. For
gasoline engines, despite the altered exhaust gas composition, the exhaust gas remains
stoichiometric to maintain TWC conversion efficiency. However, a comprehensive study
on the effects of the lowered exhaust gas temperature and the altered exhaust gas
composition on the TWC is limited, especially in cases of a heavily diluted intake charge.
With the upcoming EPA and EURO VII emissions requirements, it is imperative to
ensure that the TWC can still perform effectively and whether the unconventional
exhaust gas composition will influence the formation of future regulated emissions on the
TWC.
1.5 Research Objectives
The primary objective of this work is to investigate how EGR affects the performance of
a TWC to meet critical future emission regulations including EURO VII and 2026 EPA
requirements. Engine tests are first conducted on a single cylinder research engine
(SCRE) to determine the engine exhaust conditions which will be used to study the TWC
performance on a heated after-treatment flow bench. Additionally, the secondary
objective is to determine if EGR impacts the formation of future-regulated emissions on
the catalyst. Detailed emission speciation will be conducted on the after-treatment flow
bench using Fourier-transform infrared spectroscopy (FT-IR) as well as mass
spectrometry to provide a detailed analysis on the resulting post-TWC emissions.

14

1.6 Thesis Outline
Chapter I begins with the research motivation to continue advancing the development of
internal combustion engines due to the current pitfalls of electric vehicles and future
emissions legislation. Research background into the formation of emissions within ICEs,
emission control techniques and SI engine after-treatment are discussed. In Chapter II,
the experimental setup of both the SCRE and the after-treatment flow bench are
described in detail. This also includes detailing the various data acquisition equipment
and emission analyzers used along with the catalyst preparation. The results of the
specific engine exhaust conditions that are to be simulated on the flow bench, along with
the testing procedure on the after-treatment flow bench is presented in Chapter III.
Chapter IV presents the results of the TWC performance when it was subjected to the
simulated engine out conditions that were determined in Chapter III. This includes the
changes in catalyst conversion efficiency as well as detailed emission speciation from the
FT-IR and mass spectrometers. Chapter V summarizes the major work completed
throughout the thesis as well as the findings of the TWC performance under EGR
conditions and lists potential future directions to the presented work.
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CHAPTER 2: Experimental Setup
The research tools used in this study are described in this chapter. This includes
schematic diagrams, measurement devices and an overview of control and data
acquisition systems for various platforms. The empirical research tools that are discussed
include an engine research platform for determining relevant exhaust conditions, a heated
steady state flow bench and various emission analyzers.
2.1 Engine Test Setup
A SCRE was utilized to determine the exhaust conditions used in this work. This engine
was configured for detailed SI research. The engine was coupled to a General Electric
dual bank direct current dynamometer (model 26 G 215). Specifications of the SCRE are
tabulated in Table 2-1.
Table 2-1 Specifications of the Yanmar single cylinder research engine
Engine type

Single cylinder, 4-stroke

Compression ratio

9.2:1

Displacement

0.857 L

Bore

102 mm

Stroke

105 mm

Connecting rod length

165 mm

Fuel pressure (port injection)

4 barg

The in-cylinder pressure was measured with a water cooled Kistler piezo-electric
pressure transducer (model 6043A60) mounted to the cylinder head and connected to a
Kistler charge amplifier (model 5010B). The pressure data acquisition was synced with a
rotary-type optical encoder mounted to the engine crankshaft. Each recorded condition
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was an average of 200 continuous firing cycles at a resolution of 0.1 degree crank angle.
The coolant temperature was maintained at 80℃ using an external conditioning unit and
the engine oil was supplied through an external oil pump. An oil-free and dry air
compressor system supplied fresh air to the engine. A gate valve was fitted near the
intake valve to control mass air flow. An electro-pneumatic regulator was installed
upstream to limit pressure fluctuations. A surge tank was also installed to reduce cyclic
pulsations caused by the opening and closing of the intake valves, allowing for steady
intake conditions. A Roots air-flow meter (model 5M175) was installed before the intake
surge tank to measure the fresh air volumetric flow rate. The actual intake mass flow rate
was then calculated using the intake volumetric flow rate, regulated pressure, and
measured temperature. The engine was also equipped with an EGR loop and EGR cooler.
The intake and exhaust gases from the engine were sampled simultaneously for analysis
using a multitude of analyzers including chemiluminescence detectors (for NOx),
nondispersive infrared detector (NDIR) (for CO and CO2), paramagnetic sensor (for O2),
flame ionization detector (for THC) and an FT-IR for detailed emission speciation. The
setup of the Yanmar SCRE can be found in a previously published paper by the members
of the Clean Combustion Engine Laboratory [34].
It is to be noted that this SCRE, along with the later mentioned after-treatment flow
bench, are not accurately afflicted with external parameters of EGR found on production
engines including a change in exhaust pressure and flow rate to the downstream catalyst
due to the experimental setup of this work.

17

2.2 After-treatment Flow Bench Setup
The after-treatment experiments in this work were conducted on an in-house designed
and fabricated after-treatment flow bench. A schematic of the flow bench is detailed in
Figure 2.1. Gases such as CO2, N2, and compressed air are fed into a multi-component
gas mixer (Environics series 2000) upstream of the flow bench. A mass air flow (MAF)
sensor (Bosch 281002619) was installed at the outlet of the multi-component gas mixer
to monitor the mass flow rate. The gas mixture exiting the gas mixer is then fed
downstream to a gas heater (Leister 10000HT) to raise the feed gas temperature.
Compressed gas cylinders with reactive gaseous species such as propylene (C3H6), CO,
and NO were dosed downstream of the heater at a constant pressure of 2 barg to avoid
reactions on the heating element. A solenoid port fuel injector was fitted downstream of
the reactive gas dosing point to inject water (at 2.5 barg pressure) into the gas stream. The
feed gas is then sent downstream into a pipe section containing a three-way catalyst
(TWC) core sample. K-type thermocouples (1/16” diameter) were used to monitor the
temperature along the flow bench, including the heater temperature, inlet and outlet
temperature of the catalyst pipe section as shown in Figure 2.2. The temperature within
the catalyst bricks was also measured and recorded to detect exothermic reactions
occurring over the catalyst. To ensure proper species control throughout the tests, the
feed gas was sampled with emissions analyzers both at the inlet and outlet of the TWC
(further detail in Chapter 2.3).
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Figure 2.1 Schematic of the after-treatment flow bench

Figure 2.2 Position of heater and inlet temperature thermocouples
2.2.1 Flow Bench Data Acquisition and System Control
All thermocouples fitted to the after-treatment flow bench were connected to a
temperature module (National Instruments (NI) SCXI-1303) installed in a low-noise
chassis (NI SCXI-1000) allowing for data recording. The sampling frequency of all
temperature measurements was 2 Hz. Measurements from the emission analyzers and
MAF sensor were collected in real-time through NI data acquisition cards which was then
sent to an in-house developed LabVIEW program as shown in Figure 2.3. This program
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allowed for the prompt displaying and recording of all data, as well as control of the
water injector and the heater power output. The water injector and gas heater were
controlled by a field programmable gate array for prompt deterministic control.

Figure 2.3 LabVIEW program for control and data acquisition
A multi-component gas mixer was used to control the flow rate of air, CO2 and N2. The
individual flow rates of each of these gases were adjusted to achieve desired
concentrations of O2 and CO2 while being balanced with N2. Gases which were not fed
through the gas mixer, such as C3H6, CO and NO, were calibrated under ambient
conditions by adjusting the flow rate from the gas cylinders and monitoring the measured
concentrations from the emission analyzers. The water injection quantity throughout all
tests was maintained by setting the duty cycle of the water injector to 7.5% and at an
injection frequency of 10 Hz. The temperature of the flow bench was regulated by
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adjusting the current to a solid-state relay to adjust the total power given to the gas heater.
A simplified schematic of the data acquisition and control systems of the after-treatment
flow bench can be seen in Figure 2.4.

Figure 2.4 Schematic of flow bench data acquisition and control systems
2.3 Flow Bench Emission Analyzers
Majority of the emission analyzers used in this work sample the gas downstream of the
conditioning unit containing a filter and chiller. The gases were conditioned with heated
sampling lines, filters, a compressor, and a chiller as shown in Figure 2.5. The
conditioning unit was important to remove undesirable particulate matter and water from
the gas to avoid damage and measurement uncertainties to the emission analyzers.
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Figure 2.5 Exhaust gas conditioning unit
Unlike conventional emission analyzers, the MKS 2030-HS FT-IR can measure the
concentration of water within the sampling gas. As such, the FT-IR sampled gas on a wet
basis in order detect water soluble species which may be removed by the exhaust gas
conditioning system. A series of heated sampling lines and heated filters were installed
upstream of the FT-IR to ensure that water did not condense along the sampling line and
any particulate matter was removed. A list of all the emission analyzers used in this thesis
and their various parameters are detailed in Table 2-2. In addition, photographs of the
California Analytical Instruments (CAI) analyzer bench, the FT-IR and the mass
spectrometers used in this work are presented in Figure 2.6 and Figure 2.7.
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Table 2-2 Specifications of emission analyzers
Detectable
Species

Detection
Principle

CAI-602P NDIR
with paramagnetic
oxygen sensor

CO, CO2, O2

infrared
absorption,
paramagnetic

V&F HSense

H2, He

mass
spectrometry

Analyzer

V&F Q-7000 MS
MKS 2030-HS FTIR

varies with
specified
method
varies with
specified
method

Range
0-25% O2,
0-5000
ppm CO, 040% CO2
0-50,000
ppm, 0-100
Vol%

Resolution
5 significant
digits

<1 amu

mass
spectrometry

% levels, 1200 amu

1 amu

infrared
absorption /
emission

0.5 – 128
cm-1

N/A

Figure 2.6 CAI analyzer bench
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Figure 2.7 (a) FT-IR, (b) Q-7000 and (c) hydrogen analyzer
2.3.1 FT-IR and Q-7000 Spectrometer Methods
Unlike most emission analyzers, the FT-IR and Q-7000 mass spectrometer both have the
ability to detect a wide variety of gaseous species. As seen from Table 2-2, the Q-7000
mass spectrometer can detect any gas species with an atomic mass from 1-200 atomic
mass units while the FT-IR can detect any species with an infrared absorption/emission
wavelength of 0.5 to 128 cm-1. As such, the desired gaseous species for the FT-IR to
analyze must be selected according to species that may be present within the sampling
gas itself in order to remove measurement uncertainties. In this thesis, the Q-7000 mass
spectrometer was used to measure the catalyst inlet O2 concentration as it offers higher
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accuracy and reliability to that of the paramagnetic O2 sensor. However, the FT-IR was
used for detailed speciation of the exhaust gas composition. A summary of the species
selected for the FT-IR to analyze in this work in shown in Table 2-3.
Table 2-3 Species included in the FT-IR method
Species

Chemical Formula

Atomic Mass [amu]

Detection Level

Ammonia

NH3

17

ppm

Carbon Dioxide

CO2

44

%

Carbon Monoxide

CO

28

ppm

Ethane

C2H6

30

ppm

Ethylene

C2H4

28

ppm

Methane

CH4

16

ppm

Nitric Oxide

NO

30

ppm

Nitrogen Dioxide

NO2

46

ppm

Nitrous Oxide

N2O

44

ppm

Propylene

C3H6

42

ppm

Water

H2O

18

%

The Q-7000 mass spectrometer may suffer from interference between species if two or
more gaseous species with the same mass spectrum are present. Because of this, it is
important to properly identify the mass spectrum peak to be used for the desired gas
species that are to be analyzed. The Q-7000 mass spectrometer was only used to measure
the inlet O2 concentration and therefore only the components of the inlet feed gas needed
to be considered for potential interference with O2. Table 2-4 shows the feed gas
components (further detailed later in Table 3-2) with a non-inclusive list of their mass-tocharge ratios and relative intensities. The values for the mass-to-charge ratios and relative
intensities were gathered from the National Institute of Standards and Technology
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Chemistry WebBook [35]. The mass-to-charge ratio with the highest relative intensity for
O2 does not have any interference with the other feed gases.
Table 2-4 Mass spectrum parameters for feed gas components
Species
N2

CO

NO
O2
CO2

H2O

C3H6

Mass-to-Charge Ratio [m/z]
28
14
29
28
12
16
30
14
15
32
16
44
16
28
18
17
16
41
39
42

Relative Intensity [-]
100
16
1
100
5
2
100
8
2
100
21
100
10
10
100
21
1
100
72
70

2.4 Catalyst Preparation
The TWC from a 2020 Chevrolet Malibu equipped with a 2.0-liter turbocharged gasoline
engine was used in this study. The catalytic converter consisted of 2 catalyst bricks in
series with measured cell densities of 400 and 600 cells per square inch, respectively. The
catalytic converter canister was cut open so both bricks could be removed. Each brick
was cut to size using a hand saw and Dremel to 50 mm in diameter and 38 mm in length
to maintain an hourly space velocity (HSV) similar to that of a catalytic converter fitted
on a vehicle. Each catalyst brick was then wrapped in a ceramic fiber-based insulation
and placed within a modular pipe section which could be fitted onto the after-treatment
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flow bench. A cross section diagram of the catalyst bricks placed within the modular pipe
section is shown in Figure 2.8. Additionally, a photograph of catalytic converter canister
and the fresh uncut catalyst bricks that were extracted from the canister are shown in
Figure 2.9.

Figure 2.8 Cross section of pipe containing TWC
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Figure 2.9 (a) catalytic converter canister and (b) fresh uncut catalyst bricks
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CHAPTER 3: Research Methodology
In this chapter, the resulting exhaust conditions from the selected engine tests are shown.
These exhaust conditions and composition were simulated on the after-treatment flow
bench to determine the performance of the TWC under varying EGR ratios. In addition,
the testing procedure for the steady-state flow bench tests are discussed in detail in this
chapter. This includes the calibration procedure for the feed gas and relevant calculations
for determining operational parameters of the feed gas.
3.1 Engine-Out Exhaust Conditions
The engine test was conducted at an engine load of 5.0 bar IMEP at 1300 rpm with
naturally aspirated intake conditions. The test conditions are summarized in Table 3-1.
The rate of EGR for the engine tests is defined on a mass basis as shown in Equation 3.1,
where 𝑚̇𝑎𝑖𝑟 is defined as the mass flow rate of fresh intake air and 𝑚̇𝐸𝐺𝑅 is the mass flow
rate of recirculated exhaust gas. In this calculation, the mass flow rate of fuel is
considered negligible as the mass of fuel is insignificant to that of the mass of air within
the cylinder.

rEGR = 1 −

ṁair
ṁair + ṁEGR
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(3.1)

Table 3-1 Engine test conditions
Engine speed

1300 rpm

Engine load [IMEP]

5.0 bar

Fuel

87 Octane gasoline

Fueling duration

8000 µs

Excess air ratio [λ]

1.0

Spark timing

281 to 321 °CA

EGR ratio

0 to 25% by mass

The data points to be replicated on the after-treatment flow bench were selected from
each EGR ratio at the best indicated performance spark timing. The averaged exhaust gas
temperature and relevant emission concentrations were gathered from each of these
points and are shown in Table 3-2. It could be observed that as the ratio of EGR
increases, the concentration of both THC and O2 increased because of the deteriorating
combustion efficiency. The concentration of NO and the exhaust gas temperature also
decreased.
Table 3-2 Engine exhaust conditions at different EGR ratios
EGR

Exhaust

THC [C1

Ratio [%]

Temp [℃]

ppm]

0

648

10

CO

CO2

O2

H2O

[ppm] [ppm]

[%]

[%]

[%]

2301

1186

1400

14.49

0.40

7.5

1.000

613

2427

997

1165

14.50

0.40

7.5

0.999

15

590

2673

1141

780

14.48

0.40

7.5

0.996

20

579

2800

995

250

13.42

0.45

7.5

0.996

25

596

4820

1119

50

13.90

0.80

7.5

0.996
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λ

3.2 After-treatment Flow Bench Test Procedure
This section describes the test procedure on the after-treatment flow bench, including
how the feed gas calibration and gas temperature was matched to the engine exhaust
conditions. Relevant equations used to describe catalyst performance are also shown.
3.2.1. Feed Gas Calibration
Prior to investigating each test case, the feed gas was manually calibrated to match the
exhaust conditions determined from the engine tests shown in Table 3-2. Calibration was
conducted under ambient temperature conditions to avoid any catalytic reactions. The
Environics series 2000 gas mixer was first allowed to provide N2 and CO2 to the flow
bench to match the desired concentration of O2, CO2 balanced in N2. CO, NO and C3H6
were then supplied from gas cylinders with a dosing pressure of 2 bar gauge and were
allowed to mix within the mixing chamber before being dosed into the flow bench. The
concentration of each gas is manually adjusted using metering valves and was verified
using the FT-IR. In all test cases, the HSV was maintained at 60,000-h. The HSV is
calculated from the volumetric flow rate of the feed gas and the total volume of the
catalyst as shown in Equation 3.2.
m3
]
hr
Catalyst volume [m3 ]

Volumetric flow rate [
HSV =

(3.2)

The catalyst AFR was also re-calculated with the actual calibrated gas concentrations
shown in Table 3-3 using the Brettschneider equation as detailed in Equation 3.3 [36]. In
this calculation, all gas concentrations are converted to percent levels where HCV is
defined as the atomic ratio of hydrogen to carbon in the fuel used (C3H6 for this work),
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OCV is the atomic ratio of oxygen to carbon in the fuel and n is the number of carbon
atoms in the HC molecule.
Table 3-3 Measured feed gas compositions after calibration
EGR Ratio

THC [C1

CO

NO

CO2

O2

H2 O

[%]

ppm]

[ppm]

[ppm]

[%]

[%]

[%]

0

2337

1206

1415

14.50

0.40

7.5

0.999

10

2415

1042

1189

14.50

0.40

7.5

0.999

15

2712

1141

777

14.50

0.40

7.5

0.996

20

2754

1046

254

13.45

0.45

7.5

0.997

25

4803

1115

50

14.00

0.80

7.5

0.997

CO
NO
H
CO2 + ( 2 ) + O2 + ( 2 ) + ( 4CV x
λ=

3.5

CO ) −

3.5 + CO
2

λ

OCV
(CO2 + CO)
2 x

(
)
HCV OCV
(1 + 4 − 2 ) x (CO2 + CO + (n x HC))

(3.3)

3.2.1. Flow Bench Heating and Gas Dosing
After calibrating the feed gas, dry air was supplied to the flow bench while the heater
temperature was raised to match the exhaust gas temperature determined from the engine
tests. The heater temperature thermocouple was placed approximately 736 mm upstream
of the inlet temperature thermocouple as shown previously in Figure 2.2. In addition, the
catalyst itself was physically located 50 mm downstream of the inlet temperature
thermocouple. This distance allows for a simulated scenario of the TWC being placed
downstream of the engine. Once the temperature was stabilized, the dry air was replaced
with the desired concentration of O2 and CO2, balanced in N2 along with H2O being
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simultaneously injected downstream of the heater. The inlet temperature of the catalyst
was then allowed to stabilize, the active gas species (CO, NO, C3H6 and O2) were then
dosed into the flow bench. Gases were dosed continually for several minutes until the
reactions on the catalyst reached an equilibrium to negate any potential influence from
the effects of OSC.
To analyze the performance of the TWC for each test case, the conversion efficiency of
HC, CO and NOx was calculated according to Equation 3.4. In this equation, the inlet
concentration for each gas is assumed to be identical to the measured value during
calibration shown in Table 3-3. The outlet concentration is the measured concentration of
each species during the test while also being averaged over a 60 second interval once all
reactions have reached an equilibrium.
Outlet Concentration
)) x 100
Conversion Efficiency [%] = (1 − (
Inlet Concentration
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(3.4)

CHAPTER 4: Three-Way Catalyst Performance with EGR
In this chapter, the empirical results of TWC performance under the differing exhaust gas
compositions are discussed. The flow bench tests were all performed under steady state
conditions and sufficient time elapsed at each test point to negate any potential effects of
the catalyst OSC.
4.1 Impact of EGR on Engine-Out Exhaust Conditions
Diluting the cylinder charge of a gasoline engine with exhaust gas effects the resulting
engine-out emissions as shown in Figure 4.1. As the ratio of EGR was increased, NO
concentrations were reduced to ~50 ppm at 25% EGR due to lowered combustion
temperatures. Simultaneously, deteriorating combustion efficiency resulted in an increase
in THC emissions which is evident at 25% EGR when the THC concentration reached
~4800 ppm.

Figure 4.1 Engine-out emissions with EGR
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Along with the change in engine-out emissions, the decreased combustion temperatures
which were responsible for the reduction of NO concentrations also lead to a decrease in
exhaust gas temperature. Exhaust gas temperature is a critical parameter which affects the
performance of a TWC as heat energy is needed to initiate reactions on the catalyst. As
the rate of EGR was increased, the temperature of the feed gas entering the catalyst also
decreased. At 25% EGR, however, the reduced combustion stability resulted in a retarded
combustion phasing which increased the gas temperature as shown in Figure 4.2.

Figure 4.2 Catalyst inlet, center and heater temperature across EGR ratios
4.1.1 Catalyst Outlet Oxygen Concentration
Aside from the changing catalyst inlet conditions with EGR, a change in the catalyst
outlet O2 concentrations could signify deteriorating catalyst performance, specifically
with oxidation reactions. Under the tested conditions, the outlet concentration of O2 was
not significantly impacted with the increased rates of EGR as shown in Figure 4.3. This
result indicates that the resulting catalyst performance did not impact the outlet O2
concentrations.
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Figure 4.3 Catalyst outlet O2 concentrations
4.2 Formation of Hydrogen
The formation of hydrogen is predominantly influenced by variables including catalyst
temperature, O2 concentration and the availability of proper reactants [37]. Possible
pathways for H2 formation include the previously detailed water-gas shift reaction and
steam reforming reactions in Equations 1.6 and 1.7 respectively, along with partial
oxidation shown in Equation 4.1.
Water-Gas Shift
CO + H2 O ↔ CO2 + H2

(1.6)

Steam Reforming
β
Cα Hβ + αH2 O → αCO + (α + ) H2
2

(1.7)

Partial Oxidation
Cα Hβ +

α
β
O2 → αCO + H2
2
2
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(4.1)

The concentration of H2 at the catalyst outlet increased as the ratio of EGR was increased
as shown in Figure 4.4. As the EGR ratio was increased, CO slip was also observed to
increase. This correlation between increased H2 and CO concentrations may be caused by
steam reforming and/or partial oxidation reactions (Equations 1.7 and 4.1). Additionally,
higher concentrations of HC were also present at higher rates of EGR which would
increase the available reactants for steam reforming and partial oxidation reactions to
occur. However, with the current setup, it was impossible to verify if the outlet CO was
formed because of these reactions, or if it had simply passed through the TWC unreacted.

Figure 4.4 H2 formation and CO slip across EGR ratios
4.2.1 Formation of Ammonia
NH3 is a species of interest as it is a greenhouse gas (GHG) that is planned to be
regulated according to EURO VII and 2026 EPA requirements in the coming years.
However, in some instances the formation of NH3 can be beneficial as previously
discussed with lean burn gasoline engines adopting a passive NH3-SCR system.
Nonetheless, the tailpipe NH3 emissions will have to be managed to meet these targeted
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emission requirements. On a TWC, the formation of NH3 is highly dependent on the
exhaust AFR, temperature and catalyst formulation [38]. In general, NH3 formation is
favored under fuel rich conditions where hydrogen is available to react with NO in a
parallel pathway of NOx reduction as shown in Equation 4.2. Under 0% and 10% EGR
conditions, no NH3 was measured at the catalyst outlet as shown in Figure 4.5. However,
NH3 formation peaked at 15% EGR with ~30 ppm NH3 measured under this condition.
The NH3 then decreased as the ratio of EGR was increased.
NO + 2.5H2 → NH3 + H2 O

(4.2)

Figure 4.5 NH3 concentrations across EGR ratios
The instances where H2 was measured at the catalyst outlet from 15% to 25% EGR also
coincide with the same cases where NH3 was measured as shown in Figure 4.6. It can be
reasonably inferred that sufficient H2 and NO must be present, along with favorable
conditions over the catalyst to allow NH3 forming reactions to occur. Despite the
increased quantity of available H2 at higher rates of EGR, the decrease in engine-out NO
ultimately limited the formation of NH3.
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Figure 4.6 NH3, H2 and inlet NO concentrations across EGR ratios
4.3 NOx Conversion Efficiency
The NOx conversion efficiency is directly related to the exhaust temperature and
availability of reducing agents including HC, H2 and CO. If the present reducing agents
are first oxidized by O2, the conversion efficiency of NOx suffers because of the
consumption of the reducing agents. With the application of EGR, the concentration of
engine-out NOx decreased and the concentration of NOx reducing agents, specifically
HC, increased. Under the selected conditions, the conversion efficiency of NOx improved
as an increased ratio of EGR was applied as shown in Figure 4.7. In this work, NOx is
assumed to be the sum of NO, NO2 and N2O.
Initially with no EGR, the NOx conversion efficiency is relatively low at ~22%. This
condition has the greatest concentration of dosed NO while also having the lowest
quantity of HC and CO available. With increased rates of EGR, the ratio between HC and
CO to NOx also increased. As it can be seen, NOx conversion efficiency peaked at ~67%
under the 25% EGR condition. The total NOx slip also decreased as the inlet
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concentration of NOx decreased with EGR. Despite all conditions being stoichiometric,
the conversion efficiency of NOx under these conditions may be related to the ratio
between the reactants.

Figure 4.7 NOx slip and conversion efficiencies across EGR ratios
The components of NOx in this work are assumed to be NO, NO2 and N2O. The outlet
concentration of NOx measured, also known as the NOx slip is further detailed showing
the concentration of each NOx component in Figure 4.8. With increasing ratios of EGR,
the total NOx slip decreased as the conversion efficiency increased. At all EGR ratios, the
largest component of NOx slip was observed to be NO. At 0% EGR, ~1100 ppm of NO
was measured at the catalyst outlet which represented ~93% of the total NOx slip. The
other components of NOx, NO2 and N2O, accounted for the remaining 7% of NOx slip.
The concentrations of all components of NOx decreased with increasing EGR ratios. At
25% EGR, ~15 ppm of NO was measured at the catalyst outlet with a negligible quantity
of N2O and NO2 (~1 ppm).
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Figure 4.8 Components of NOx slip across EGR ratios
4.3.1 Nitrous Oxide Emissions
The second largest component of measured NOx under these conditions was N2O.
Managing N2O emissions is critical as it is the third most significant GHG in terms of
global warming potential after CO2 and methane (CH4) [39] and is soon to be a regulated
emission within EURO VII and 2026 EPA requirements. On a TWC, N2O formation can
occur from parallel pathways during NOx reduction as described in Equations 4.3 and 4.4.
2NO + CO → N2 O + CO2

(4.3)

2NO + H2 → N2 O + H2 O

(4.4)

As the ratio of EGR was increased, the concentration of N2O decreased from ~70 ppm at
0% EGR to nearly 0 ppm at 25% EGR as shown in Figure 4.9. The decline in N2O
emissions can primarily be attributed to the reduction of in-cylinder NOx formation.
Additional reasoning may be that the increase in engine-out HC at higher EGR ratios may
promote NOx reduction with HC instead of CO, thereby lowering N2O formation
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potential as shown in Figure 4.10 and previously detailed in Equation 1.2. This result,
along with the reduction of NH3, shows a promising trend in a reduction of nitrogen
containing GHG emissions with the use of EGR and a TWC.
Cα Hβ + NO → CO2 + H2 O + N2

Figure 4.9 Comparison of outlet N2O and inlet NO concentrations

Figure 4.10 Comparison of inlet NO and HC concentrations
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(1.2)

4.3.2 Nitrogen Dioxide Emissions
The last component of NOx detected under these conditions was NO2 which represented
the least significant contributor to NOx emissions. Over the TWC, NO2 can be formed
from oxidizing NO as shown in Equation 4.5. However, it is noted that other pathways of
NO2 formation also exist, including the oxidation of hydrocarbons with NO [40]. In
addition to being formed over a catalyst, NO2 is also formed in the atmosphere by
oxidizing NO with ozone (O3) as shown in Equation 4.6 [41].
2NO + O2 → 2NO2

(4.5)

NO + O3 → NO2 + O2

(4.6)

The measured concentrations of NO2 for each EGR condition are shown in Figure 4.11.
In general, the initial NO2 concentrations with no EGR at ~10 ppm was insignificant
compared to the total concentration of NOx slip at same condition which represented ~1%
of the total NOx slip. Following the same trend as NO and N2O, the concentration of NO2
decreased as the EGR ratio was increased. It is important to acknowledge that managing
initial NO emissions is critical to avoid the formation of NO2 within the atmosphere.
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Figure 4.11 NO2 concentrations and ratio of total NOx slip
4.4 CO and THC Conversion Efficiencies
The effective conversion of CO and THC on a TWC depends greatly on the temperature
and AFR of the exhaust gas as previously detailed in Figure 1.5. Under stoichiometric
conditions, O2 and NOx both compete for the reaction with available CO and HC. With
the application of EGR, the ratio of HC to NOx changes as previously shown in Figure
4.1 alongside a decrease in the gas temperature. Under these selected conditions, the
TWC was able to effectively convert CO and HC as shown in Figures 4.12 and 4.13,
respectively. Although the exhaust gas temperature decreased, this reduction was not
significant enough to hinder the conversion efficiencies of HC and CO. Throughout all
cases, the exhaust AFR was still near stoichiometric and O2 was still readily available
despite the decreasing NOx concentrations allowing for effective conversion of HC and
NO.
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Figure 4.12 CO slip and conversion efficiencies across EGR ratios

Figure 4.13 THC slip and conversion efficiencies across EGR ratios
From EGR ratios of 0 to 15%, the conversion efficiency of both HC and CO was above
90%. However, further addition of EGR marginally impacted HC and CO conversion
efficiencies. At 20 and 25% EGR, the conversion efficiency of HC decreased to ~88%,
while the corresponding values for CO reduced to ~77%. This could also be seen in the
HC and CO slip which increased with the EGR ratio. The decrease of CO conversion

45

efficiency can be correlated to the formation of H2 as previously shown in Figure 4.4 in
which CO may be produced from H2 forming reactions. Additionally, it should be noted
that the increase in HC slip may also be related to the increase in engine-out HC due to
the deterioration in combustion efficiency with increasing ratios of EGR as shown in
Figure 4.1. It is important to note that in all test cases, the only HC species detected at the
catalyst outlet was C3H6 indicating that HC was fully oxidized by the TWC.
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CHAPTER 5: Summary of Thesis Work
This chapter provides a summary of the results determined from the empirical
investigation on the after-treatment flow bench along with conclusions derived from
these results. In addition, potential future recommendations to carry this work forward are
also discussed.
5.1 Summary of the Test Results
In this work, relevant engine exhaust conditions from a gasoline SI engine with varying
ratios of EGR were replicated on a heated after-treatment flow bench containing a TWC
to assess the performance characteristics of the TWC to meet upcoming EURO VII and
2026 EPA emission regulations. These results may aid in understanding how extensive
use of EGR will impact the performance of the TWC to meet these future emission
regulations. The conclusions based on the experimental investigation are as follows:
•

Under high EGR ratios, H2 yield from the TWC at the selected conditions
increased because of increased concentrations of HC available to participate in
H2 forming reactions. However, an increase of CO slip was attained as CO is a
product of these H2 forming reactions.

•

With the application of EGR, higher conversion efficiencies of NOx can be
realized due to a decrease in engine-out NOx and increase in NOx reducing
reactants. However, a trade-off exists between reduced NOx emissions and
increased HC and CO slip past the catalyst.

47

•

Decreased exhaust gas temperatures from EGR is not significant enough to
hinder the catalytic ability of the TWC which remains well above light-off
temperature under all tested conditions.

5.2 Future Work
In this work, it is apparent that NOx emissions can be effectively reduced with the
application of EGR. However, this results in an increase in HC and CO emissions past
the TWC. To address these concerns, potential further work may include the following:
•

Investigate lean conditions over the TWC combined with EGR to limit engine-out
NOx. The addition of excess O2 may aid in promoting the oxidation of CO and
HC to limit the quantities of these emissions passing through the catalyst
unreacted.

•

A more precise representation of the engine-out HC emissions should be used to
properly investigate the effect of diluted intake conditions on the oxidation of HC
over the TWC, specifically CH4 which is to be regulated.

•

In this work, steady state conditions were used to assess the performance of a
TWC. External parameters of EGR, such as exhaust pressure and flow rate, could
not be replicated with the current setup. Investigating the TWC performance on a
production engine with EGR is therefore recommended to further verify the
results of this work.
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APPENDIX A: Emission Speciation Over a Diesel Oxidation
Catalyst Using Flow Reversal Strategy
The findings summarized in this appendix have been published in SAE technical paper
2021-01-0606 [42].
The use of periodic flow reversal has shown performance benefits as a method to
maintain catalyst temperature by alternating the exhaust flow direction through the
catalyst, reducing the catalyst sensitivity to inlet gas temperature fluctuations. Cyclically
alternating the exhaust flow direction can produce a thermal wave, elevating the central
catalyst temperature above the inlet gas temperature. In this work, analysis is conducted
with a diesel oxidation catalyst (DOC) contained within a flow reversal system on a
steady state heated flow-bench under simulated engine exhaust conditions. The impact of
different flow reversal operational parameters on catalyst heat retention and emissions
speciation are explored. The benefits of periodic flow reversal in an after-treatment
system due to its heat retention capability are summarized in this appendix.
Experimental Setup
The schematic of the after-treatment flow bench is shown in Figure A-1. Compressed dry
air and CO2 are fed into an Environics Multi-Component Gas Mixer (series 2000)
upstream of the flow bench to precisely control gas concentration and flow rate. Due to
flow restrictions of the gas mixer, N2 was fed downstream of the gas mixer and the flow
rate was controlled manually with a pressure regulator attached to the gas cylinder. The
N2 was used as a balance gas to dilute the O2 concentration to engine-like exhaust
quantities to 18.5% and 4%. The mixture of dry air, CO2 and N2 are then passed through
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a Leister LE1000S heater which is used to electronically control the gas temperature. A
MAF sensor (Bosch 281002619) was installed at the inlet of the flow bench to monitor
the mass flow rate of the gas. Propane (C3H8) and CO were dosed into the flow bench
downstream of the heater to avoid any unwanted oxidation occurring on the surface of the
heater. A pair of solenoid port fuel injectors (PFI) for water and diesel injection were also
installed downstream of the heater, both operating at 2.5 bar. Injection duration and
quantity were controlled by a Field Programmable Gate Array (FPGA) for fast
deterministic injection control of H2O and diesel fuel.

Figure A-1 Schematic of after-treatment flow bench
The gas was sampled at both upstream and downstream of the flow reversal unit and fed
into a California Analytical Instruments (CAI) NDIR with paramagnetic oxygen sensor
and CAI heated chemiluminescence detector to measure CO, CO2, O2 and NOx
concentrations. Additionally, the downstream sampling line also fed gas into a CAI FID,
MKS 2030-DS FTIR and V&F HSense analyzer for total hydrocarbon (THC)
concentration, emissions speciation and H2 detection, respectively. In all the figures
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shown within the results section, THC measurements were taken from the FID, with CO,
CO2 and O2 measurements taken from the NDIR.
The flow reversal unit contained 2 commercially available DOC catalysts, both
measuring 100 mm long, 93 mm wide, 40 mm thick and have a cell density of 400 cells
per square inch (CPSI). Temperature along the flow bench and the catalysts were
monitored through a series of K-type thermocouples and a SCXI-1102 DAQ system was
used to acquire the signals from the thermocouples. The bottom of the flow reversal unit
is equipped with an electric heating element to supply supplemental energy into the
system. A detailed section view of the flow reversal unit is shown in Figure A-2.

Figure A-2 Section view of flow reversal unit
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Test Methodology
All experiments in this study were performed on the after-treatment flow bench. Before
each experiment, the temperature of the entire system was allowed to reach equilibrium.
This included the flowing of C3H8, CO and NOx to account for any exothermic reactions
occurring across the catalyst. To simulate a lowering of exhaust temperature, the
temperature of the Leister 10000S heater was simultaneously reduced to 200℃ with the
start of each experiment. In experiments with periodic flow reversal, the flow reversal
system was turned on at the same time the heater temperature was reduced.
Throughout all experiments, the feed gas included 1000 ppm C3H8, 2100 ppm CO, 200
ppm NOx, 10% CO2 and 7.5% H2O. These concentrations of NOx, CO2 and H2O are
common within diesel exhaust, however the concentrations of C3H8 and CO are more
relatable to high EGR rates or low temperature combustion methods. The hourly space
velocity (HSV) was held constant at 40,000. All experiments also contained 180 W of
supplemental energy addition from the central heater and the flow reversal switching time
was kept constant at 15s. Experiments that contained a 4% O2 concentration used N2 as a
balance gas. A table of the feed gas compositions for the experiments can be found in
Table A-1. To maintain easily read figures, all catalyst temperatures found in the figures
are in reference to the central substrate temperature (T_middle) of DOC A.
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Table A-1 Feed gas compositions for experiments
Oxygen Concentration [%]
Fuel Injection Quantity [mg]
HSV [1/hr]
C3H8 [ppm]
CO [ppm]
NOx [ppm]
CO2 [%]
H2O [%]
Central Heating Energy [W]

18.5
0
40,000
1000
2100
200
10
7.5
180

4
550

1100

1650

Results and Discussions
Figure A-3 displays the temperature measurements of the central catalyst temperature
(T_middle) of DOC A under both unidirectional flow and periodic flow reversal at an O2
concentration of 18.5%. The heat retention capabilities of the flow reversal system are
clearly shown, as the average central catalyst temperature remained above 300℃ after
300s of the inlet temperature decreasing. In all cases, the central substrate temperature
represented the highest temperature achieved within the DOC. The inlet temperatures
were the lowest temperatures along the substrate temperature profile, with the rear end of
the substrate falling closer to the central substrate temperature.
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Figure A-3 Transient temperature of unidirectional and periodic flow reversal
As expected, the improved heat retention of the flow reversal system directly impacts the
catalyst conversion efficiency as shown in Figure A-4. As the central catalyst temperature
decreases with unidirectional flow, the conversion efficiency of THC decreases
significantly, dropping below 50% after 100s of the inlet gas temperature being reduced.
With periodic flow reversal, the energy trapped within the system is enough to maintain
THC conversion efficiency at or above 60% throughout the duration of the test. In both
cases, small amounts of ethane and methane were detected resulting from the partial
oxidation of propane. As anticipated, the measured NOx values remain unchanged
throughout the duration of all tests.

60

Figure A-4 THC, CO and NOx conversion efficiencies
The use of supplemental fuel injection is often needed for diesel particulate filter
regeneration or LNT regeneration and de-sulfation, where temperatures need to be in
excess of 500℃. Each fuel injection quantity was tested in a single run, with Figures A-5
and A-6 show the resulting transient substrate temperature profiles from 550 mg, 1100
mg and 1650 mg of diesel fuel injection into the substrate in unidirectional flow and
periodic flow reversal at an O2 concentration of 4%. The flow reversal system displayed
significantly better heat retention to that of unidirectional flow, being able to maintain the
central catalyst temperature above its initial temperature prior to fuel injection nearly 4
times as long to that of unidirectional flow. Similar to the previous results, the central
substrate temperature represented the highest temperature achieved within the DOC.
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Figure A-5 Transient temperature measurements of unidirectional flow

Figure A-6 Transient temperature measurements of periodic flow reversal
The introduction of supplemental diesel fuel over a DOC can lead to partially oxidized
hydrocarbons due to the dehydrogenation by O2, resulting in the formation of various
carbonyl species. Aldehydes which were measured in this study were likely formed due
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to the presence of alkyl radicals. The resulting peak aldehyde concentrations detected by
FTIR from both unidirectional and periodic flow reversal are summarized in Figure A-7.

Figure A-7 Peak aldehyde concentrations with varying fuel injection quantities
In general, increasing the quantity of fuel injection also increased aldehyde emissions
which in all cases were mainly composed of formaldehyde (CH2O) and hexanaldehyde
(C6H12O). The aldehyde emissions during periodic flow reversal is significantly less to
that of unidirectional flow, further indicating more complete combustion. During the
highest quantity of fuel injection, the aldehyde formation under unidirectional flow
peaked at 335ppm, with the flow reversal only producing 134 ppm, a 60% lower peak
aldehyde concentration. This is attributed to the higher temperatures that are maintained
across the DOC which promotes the complete oxidation of hydrocarbons when O2 is
sufficient. In general, aldehydes are partial oxidation products that form at lower
temperatures and cannot be further oxidized if the reaction temperature is too low.
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Smaller quantities of ketones, primarily butanone, were also found to be present in the
resulting exhaust gas. Unlike aldehyde concentrations, the flow reversal system showed
on average 50% higher peak ketone concentrations than that of unidirectional flow as
shown in Figure A-8. Despite this, the flow reversal system overall produced lower
quantities of total carbonyl group species compared to that of unidirectional flow. No
other species from the carbonyl functional group were observed, such as esters or oxalic
acids which are further oxidation products of aldehydes and ketones.

Figure A-8 Peak ketone concentrations with varying fuel injection quantities
Aromatic hydrocarbons, like many other HC species can be formed because of
incomplete combustion. Figure A-9 displays the observed peak aromatic hydrocarbon
species concentration for all fuel injection quantities and exhaust flow strategies. The
flow reversal demonstrated reduced quantities of aromatic hydrocarbons, which were
detected and represented by the FTIR as benzene (C6H6) and toluene (C7H8). Similar to
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the aldehyde species, the reduced quantity of aromatics is attributed to the improved
oxidation that occurs with the heat trapping ability of the flow reversal.
Aromatic hydrocarbons contribute to the THC quantity of tailpipe emissions and are
known to be one of many soot precursors when recirculated back into the engine.
Previous work done by the authors demonstrated the benefits of the flow reversal system
when used in catalytic EGR (CEGR) as an EGR reforming scheme. These results show a
promising indication that flow reversal CEGR can further benefit engine-out emissions
when CEGR is used.

Figure A-9 Peak aromatic hydrocarbon concentrations with fuel injection
Figure A-10 depicts the observed peak hydrogen from unidirectional flow and periodic
flow reversal under the three fuel injection quantities. In both cases, no hydrogen was
detected with 550 mg of diesel fuel injection which was likely caused by the
comparatively low temperatures that were reached during this quantity of fuel injection of
just over 400℃. With 1100 mg of diesel fuel injection, only the flow reversal showed a
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detectable amount of hydrogen within the exhaust. Hydrogen in both cases only occurred
with 1650 mg of diesel fuel injection, however the flow reversal yielded over 700 ppm
more hydrogen to that of unidirectional flow. With the readily available H2O in the
exhaust stream, H2 generation only starts when the reaction temperature is reached. Due
to the overall higher substrate temperatures that are maintained for longer periods of time
in the flow reversal, the hydrogen producing reactions can occur for longer periods of
time, thus increasing hydrogen yield.

Figure A-10 Peak hydrogen formation with varying fuel injection quantities
Conclusions
Experiments were performed on an after-treatment flow bench to investigate the
differences in conversion efficiency and emissions species over a DOC using
unidirectional flow and periodic flow reversal. The following conclusions are drawn
based on the findings of this study:
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•

Periodic flow reversal consistently shows improved heat retention capabilities to
that of unidirectional flow which consequently maintains higher catalyst
conversion efficiency regardless of feed gas temperature fluctuations.

•

Lower concentrations of carbonyl species and aromatic hydrocarbons were found
with the flow reversal system as a result of more complete oxidation occurring
due to maintaining higher substrate temperatures than that of unidirectional flow.

•

The production of hydrogen, primarily a result of fuel reforming was found in
greater quantities in the flow reversal system due to catalyst temperatures being
maintained to sustain hydrogen producing reactions.

Flow reversal is an effective active flow control scheme to maintain the optimal
temperature of the catalyst when exhaust gas temperature drops. The supplemental
fueling technique not only provides additional heating to the catalyst substrates, but it
also acts as a fuel reformer to produce hydrogen which may reduce emissions when used
in CEGR or to improve LNT regeneration and desulfation.
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